Introduction
============

Diabetic retinopathy (DR), which represents one of the most serious complications of diabetes, is a leading cause of blindness in working-age individuals worldwide.^[@bib1]^ The pathogenesis of DR is complex, and several vascular, inflammatory and neuronal mechanisms are involved.^[@bib2]^ The involvement of inflammatory processes in the induction of structural and functional alterations associated with DR is gaining increasing attention, and it has been particularly associated with the early stages of DR.^[@bib3],\ [@bib4]^ Recent studies have demonstrated that levels of proinflammatory cytokines, including tumor necrosis factor-α, interleukin (IL)-1β, IL-6 and IL-8, are substantially increased in the ocular fluid of diabetic patients.^[@bib5],\ [@bib6],\ [@bib7]^ The inflammatory components contribute to the pathological changes in DR, including blood--retinal barrier (BRB) breakdown, retinal neovascularization, retinal glutamate metabolic dysfunction and retinal neuronal apoptosis.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ However, the present evidence regarding inflammatory events in DR is restricted to the involvement of innate immunity driven by retinal macrophages and microglia. The involvement of adaptive immune cells, particularly T cells, in DR has not been elucidated.

T helper type 17 (Th17) cells, a subset of CD4^+^ T cells, produce IL-17 that is currently recognized as a family of cytokines that includes IL-17A, IL-17B, IL-17C, IL-17D, IL-17E and IL-17F.^[@bib12],\ [@bib13]^ The most widely investigated cytokine of this family, IL-17A, is a proinflammatory cytokine and has been implicated in the pathogenesis of several autoimmune and inflammatory diseases. However, limited studies indicate a disorder in IL-17A that may have a significant impact on the course of autoimmune diabetes.^[@bib14]^ The limited available studies demonstrate increased secretion of IL-17A from activated peripheral blood T cells in children with type 1 diabetes.^[@bib15]^ We have also recently reported that the plasma IL-17A level is increased in type 2 diabetic patients.^[@bib16]^ Further investigation is required to clarify the role of IL-17A in DR. In addition, the identification of the IL-17A signaling cascade involved in DR is meaningful for the potential application of IL-17A signaling antagonists to remedy DR. IL-17A signals through a heterodimeric receptor complex that consists of IL-17RA and IL-17RC that recruits nuclear factor (NF)-κB activator 1 (Act1) as an adaptor molecule for downstream signaling; in turn, the IL-17RA/C-Act1 complex triggers tumor necrosis factor receptor-associated factor-6 (TRAF6)-dependent inhibitor of NF-κB kinase (IKK) activation that results in NF-κB activation and ultimately target gene transcription.^[@bib17],\ [@bib18]^

Müller cells, the specific glial cells that span approximately the entire thickness of the retina from the outer limiting membrane to the inner limiting membrane, play an essential role in preserving normal retinal function via the maintenance of homeostasis of the retinal extracellular environment.^[@bib19],\ [@bib20]^ Müller cells participate in the formation of BRB, regulate retinal glutamate metabolism and support retinal neuronal survival.^[@bib21],\ [@bib22],\ [@bib23]^ Müller cell activation, as demonstrated by an upregulation of glial fibrillary acidic protein (GFAP), has been identified in the retinas of both diabetic patients and diabetic rodents in the early stages of DR.^[@bib24],\ [@bib25],\ [@bib26]^ Müller cell-derived vascular endothelial growth factor (VEGF) accumulation results in diabetic retinal neovascularization and vascular leakage.^[@bib27]^ Hyperglycemia-induced decreases in both glutamine synthetase (GS) and excitatory amino acid transporter-1 (EAAT1) in Müller cells may trigger apoptosis of retinal ganglion cells in DR because of excitotoxicity caused by excessive glutamate.^[@bib28],\ [@bib29]^ Thus, we hypothesized that Müller cells represent a pivotal target of IL-17A in the DR process, in which IL-17A exacerbates BRB breakdown and retinal neuronal cell apoptosis, the major characteristics of DR. This hypothesis was investigated in the current study using high-glucose (HG)-treated primary retinal Müller cells and diabetic model mice with DR.

Materials and methods
=====================

Animals
-------

Male heterozygous *Ins2*^Akita^ (Akita) mice (Stock No. 003548 in Jackson Laboratory, Bar Harbor, ME, USA) with a C57BL/6 background and age-matched nondiabetic siblings were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). As a result of a spontaneous mutation of the insulin 2 gene, Akita mice develop insulin-dependent diabetes (diabetes mellitus type 1), which is characterized by robust hyperglycemia, at the age of 4 weeks.^[@bib10],\ [@bib30]^ The mice were subjected to intravitreal injection or were killed via a lethal dose of intraperitoneal sodium pentobarbitone (150 mg kg^−1^ body weight) three months after the onset of diabetes; this approach was based on a previous report that at 10--14 weeks after hyperglycemia in Akita mice, the retinas exhibit evident DR pathology, such as vascular leakage, neuronal cell death and leukostasis.^[@bib31]^ All procedures were conducted in compliance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committees of Nanjing Medical University.

Intravitreal injection
----------------------

Under a surgical microscope, a 30-gauge puncture was performed 1 mm behind the corneoscleral limbus in mice that had been deeply anesthetized by isoflurane inhalation; a 33-gauge needle mounted on a 10-μl microsyringe (Hamilton, Reno, NE, USA) was subsequently inserted through the puncture with a 45° angle into the vitreous cavity.^[@bib32],\ [@bib33]^ Mouse recombinant IL-17A (8 or 40 ng per 2 μl in phosphate-buffered saline (PBS) per eye; BioVision, Milpitas, CA, USA) or anti-IL-17A-neutralizing monoclonal antibody (mAb; 2 or 10 μg per 2 μl in PBS per eye; R&D Systems, Minneapolis, MN, USA) were injected into the vitreous cavity of the Akita mice. An adenoviral vector that expressed short hairpin RNA targeting Act1 (Ad-Act1-shRNA) was constructed, amplified and purified by Hanbio Biotechnology in Shanghai, China. Ad-Act1-shRNA was delivered into the vitreous cavity of the Akita mice (2 μl per eye that contained 2 × 10^8^ viral particles). An equivalent volume of adenoviral vector that expressed green fluorescent protein (Ad-GFP) served as the control. The mice that received an intravitreal adenoviral injection or that were used for the retinal angiography were killed 2 weeks after the intravitreal injection, whereas the remaining mice were killed 2 days after the intravitreal injection.

Cell culture and treatments
---------------------------

Primary cultures of rat retinal Müller cells were prepared as previously described with modifications.^[@bib29]^ The dissociated retinal tissue of rats at postnatal days 5 to 7 was seeded in culture dishes that contained Dulbecco\'s modified Eagle\'s medium supplemented with 5 m[M D]{.smallcaps}-glucose (normal glucose as a control). The cultures were forcibly pipetted every 3 days to purify the Müller cell population until the percentage of cultured Müller cells, which was identified by the GS expression, exceeded 98%.^[@bib34]^ The cells were maintained in Dulbecco\'s modified Eagle\'s medium with 25 m[M D]{.smallcaps}-glucose, as a HG treatment, for 48 h to mimic diabetes *in vitro*. IL-17A (25 ng ml^−1^) and/or the IKK inhibitor Wedelolactone (Wedel; 10 μ[M]{.smallcaps}; Sigma-Aldrich, St Louis, MO, USA) were applied to the primary Müller cell cultures for 24 h in the HG condition. Ad-Act1-shRNA at a multiplicity of infection of 20 infected primary Müller cells in the HG medium, and Ad-GFP was used as a control. After infection for 24 h, the adenoviruses were removed, and the cells were cultured for an additional 24 h before harvest.

Western blot analysis
---------------------

Cells and retinas were isolated and homogenized in radio immunoprecipitation assay buffer. Western blot assays were performed according to previously described methods.^[@bib35]^ The following primary antibodies were used: IL-17A (1:200; Santa Cruz Biotechnology, Dallas, TX, USA); Act1 (1:200; OriGene Technologies, Rockville, MD, USA); p-p65 and p65 (both 1:500; Cell Signaling, Danvers, MA, USA); IL-17RA (1:200), GFAP (1:10 000), VEGF (1:1000), GS (1:1000), EAAT1 (1:1000), TRAF6 (1:2000), caspase-3 (1:1000) and β-actin (1:5000; all from Abcam, Cambridge, MA, USA). Following incubation with the corresponding secondary antibodies (1:5000; Rockland, Limerick, PA, USA), the membranes were scanned, and the protein band intensities were quantified by Odyssey (LI-COR, Lincoln, NE, USA).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Samples were prepared according to the manufacturer\'s instructions and the report of Huang *et al.*^[@bib10]^ The GFAP levels expressed in Müller cells, VEGF secreted by Müller cells and IL-17A in retinal lysates and Müller cell culture supernatants were measured using ELISA kits (Millipore, Temecula, CA, USA or R&D Systems).

High-performance liquid chromatography
--------------------------------------

Before performing high-performance liquid chromatography as previously described,^[@bib36]^ the cells and retinas were homogenized in perchloric acid at 4 °C. The glutamate concentrations were calculated by the peak area ratio, and quantification was performed by running standard amino acid solutions under the same conditions.

Retinal vascular leukostasis
----------------------------

The mice anesthetized by isoflurane inhalation were perfused with 10 ml PBS from the left heart ventricle to remove erythrocytes and nonadherent leukocytes. To label adherent leukocytes, the mice were perfused with fluorescein isothiocyanate (FITC)-conjugated concanavalin A (20 μg ml^−1^ in PBS; 5 mg kg^−1^ body weight; Vector Laboratories, Burlingame, CA, USA), followed by 10 ml PBS perfusion for flushing out unbound concanavalin A. After the eyes were fixed in 4% paraformaldehyde for 1 h, the retinas were flat mounted and the total number of adherent leukocytes per retina was counted under a fluorescence microscope.

Retinal angiography
-------------------

The mice were anesthetized via isoflurane inhalation and perfused from the left heart ventricle with 1 ml of PBS that contained 50 mg ml^−1^ FITC--dextran (2 × 10^6^ molecular weight; Sigma-Aldrich) as described by Han *et al.*^[@bib37]^ The eyes were enucleated 5 min after the perfusion of FITC--dextran and were fixed in 4% paraformaldehyde for 1 h. The retinas were dissected, flat mounted and viewed via fluorescence microscopy.

Immunohistochemistry and TUNEL staining
---------------------------------------

To prepare frozen retinal sections, the ocular anterior segments were removed, and the eyecups were fixed with 4% paraformaldehyde, followed by cryoprotection in a series of sucrose solutions (10--30%). The sectioned retinas were independently incubated with rabbit antibodies against IL-17A (1:100; Santa Cruz Biotechnology) and IL-17RA (1:100), VEGF (1:200) and active caspase-3 (1:200; all three from Abcam) overnight at 4 °C. For double labeling, the sections were incubated with mouse antibodies against NeuN or GS (both 1:200; Abcam) at 4 °C overnight. The sections were stained with the appropriate secondary antibodies: anti-rabbit Alexa Fluor 647, anti-mouse FITC or anti-mouse Alexa Fluor 647 (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 2 h at room temperature, followed by 4′,6-diamidino-2-phenylindole (DAPI) staining (1:1000, 5 min; Solarbio Science & Technology, Beijing, China). To identify the apoptosis of retinal ganglion cells, the retinal sections labeled with NeuN were stained via TUNEL (TdT-mediated dUTP nick end labeling) according to the manufacturer\'s protocol (Roche Diagnostics, Indianapolis, IN, USA). All sections were visualized by confocal microscopy, and the number of double-labeled apoptotic cells was counted. For each retina, three sections were counted and an average was obtained; in each section, three visual fields near the retinal central area were counted as a sum.

Statistical analysis
--------------------

All data are expressed as the mean±s.d. Statistical analyses were performed with Statistics Package for Social Science (SPSS, 12.0; SPSS, Chicago, IL, USA). Comparisons between two groups were assessed using Student\'s *t-*tests. Multiple comparisons among the groups were evaluated by one-way analysis of variance followed by *post hoc* analysis. The results were considered statistically significant at *P*\<0.05.

Results
=======

Expression of IL-17A and IL-17RA is upregulated in retinal Müller cells of Akita diabetic model mice
----------------------------------------------------------------------------------------------------

At 3 months after the onset of diabetes, the Akita mice exhibited upregulated IL-17A and IL-17RA expression ([Figure 1a](#fig1){ref-type="fig"}) as well as an increased IL-17A content ([Figure 1b](#fig1){ref-type="fig"}) in the retina compared with the wild-type (WT) mice. Furthermore, immunohistochemistry indicated that the expression of GS, a Müller cell marker in the retina,^[@bib38]^ was decreased; however, both IL-17A and IL-17RA expression was increased in the retinas of the Akita mice compared with the WT mice ([Figure 1c](#fig1){ref-type="fig"}). Importantly, in the retinas of the Akita mice, cells that coexpressed GS and IL-17A or GS and IL-17RA were identified; however, the colocalization of NeuN, a marker of neurons, and IL-17A or NeuN and IL-17RA was not identified ([Figure 1c](#fig1){ref-type="fig"}).

To demonstrate that retinal Müller cells produce IL-17A, we assessed the expression and secretion of IL-17A in primary retinal Müller cells, the purity of which exceeded 98% ([Figure 1d](#fig1){ref-type="fig"}). Retinal Müller cells cultured *in vitro* expressed and secreted IL-17A, and the expression and secretion of IL-17A by Müller cells were increased in the HG condition ([Figures 1e and f](#fig1){ref-type="fig"}).

Act1/TRAF6/IKK/NF-κB signaling is enhanced in both HG-treated retinal Müller cells and Akita mouse retinal tissue and further enhanced by IL-17A treatment
----------------------------------------------------------------------------------------------------------------------------------------------------------

In primary retinal Müller cells, HG induced IL-17RA, Act1 and TRAF6 expression, as well as p65 phosphorylation, and IL-17A further enhanced the HG-induced signaling upregulation ([Figure 2a](#fig2){ref-type="fig"}). Ad-Act1-shRNA treatment abolished the IL-17A effects of enhancing Act1 and TRAF6 expression and p65 phosphorylation as well as reduced the HG-induced Act1 and TRAF6 expression and p65 phosphorylation ([Figure 2a](#fig2){ref-type="fig"}). Wedel, an inhibitor of IKK, blocked both the IL-17A and HG effects of increased p65 phosphorylation ([Figure 2a](#fig2){ref-type="fig"}). As a control for Ad-Act1-shRNA treatment, Ad-GFP treatment did not significantly alter the IL-17A-induced signaling upregulation ([Figure 2a](#fig2){ref-type="fig"}).

In the retinas of the Akita mice, the Act1 and TRAF6 expression and p65 phosphorylation were increased compared with the WT mice ([Figure 2b](#fig2){ref-type="fig"}). IL-17A injection in the vitreous cavity of the Akita mice further increased the retinal Act1 and TRAF6 expression and p65 phosphorylation, whereas Ad-Act1-shRNA intravitreal treatment in the Akita mice reduced the retinal Act1 and TRAF6 expression and p65 phosphorylation compared with the Ad-GFP intravitreal injection ([Figure 2b](#fig2){ref-type="fig"}). In a comparison of the effects between two doses of IL-17A, the high dose of IL-17A (40 ng per  2 μl) was stronger than the low dose of IL-17A (8 ng per  2 μl) (*P*\<0.05 for Act1 expression; *P*\<0.01 for TRAF6 expression and p65 phosphorylation).

IL-17A exacerbates HG-induced Müller cell activation and dysfunction via Act1/IKK signaling
-------------------------------------------------------------------------------------------

In the HG condition, the retinal Müller cells increased the GFAP expression and production ([Figures 3a and b](#fig3){ref-type="fig"}), VEGF expression and secretion ([Figures 3a and c](#fig3){ref-type="fig"}) and glutamate production ([Figure 3d](#fig3){ref-type="fig"}); however, they decreased the GS and EAAT1 expression ([Figure 3a](#fig3){ref-type="fig"}). IL-17A treatment exacerbated the HG-induced Müller cell activation and functional impairment ([Figures 3a--d](#fig3){ref-type="fig"}). Act1 gene silencing using Ad-Act1-shRNA or IKK activity inhibition using Wedel in Müller cells abrogated the IL-17A deleterious effects ([Figures 3a--d](#fig3){ref-type="fig"}). Ad-Act1-shRNA or Wedel treatment alone (no IL-17A treatment) also reduced the HG-induced changes in the expression, production and/or secretion of GFAP, VEGF, GS, EAAT1 and glutamate in the Müller cells ([Figures 3a--d](#fig3){ref-type="fig"}).

IL-17A aggravates *in vivo* retinal Müller cell activation and dysfunction in Akita mice via Act1 signaling
-----------------------------------------------------------------------------------------------------------

In the retinas of the Akita mice, the GFAP and VEGF expression was upregulated; however, the GS and EAAT1 expression was downregulated compared with the WT mice ([Figure 4a](#fig4){ref-type="fig"}). IL-17A intravitreal administration in the Akita mice exacerbated the retinal expression changes, whereas Ad-Act1-shRNA intravitreal treatment in the Akita mice alleviated these retinal expression changes compared with the Ad-GFP intravitreal injection ([Figure 4a](#fig4){ref-type="fig"}). Similarly, the increased glutamate content in the retinas of the Akita mice was further increased by IL-17A intravitreal administration; however, it was reduced by Ad-Act1-shRNA intravitreal treatment ([Figure 4b](#fig4){ref-type="fig"}).

To demonstrate that the retinal changes were linked to Müller cells, we examined the coexpression of GS and VEGF in the retina. Fluorescent immunohistochemistry indicated that the expression changes in GS and VEGF in the retina by the treatments were similar to the changes demonstrated by western blot analysis ([Figure 4c](#fig4){ref-type="fig"}). Notably, the Akita mouse retina had an increased coexpression of GS and VEGF compared with the WT mouse retina. This increase was further enhanced by IL-17A intravitreal administration; however, it was reduced by Ad-Act1-shRNA intravitreal treatment ([Figure 4c](#fig4){ref-type="fig"}).

To confirm that IL-17A promoted Müller cell functional impairment, we assessed the effect of a blocking antibody to IL-17A. Intravitreal injection of anti-IL-17A mAb (2 or 10 μg per 2 μl) in the Akita mice ameliorated the diabetes-induced increase in the retinal glutamate content ([Figure 4d](#fig4){ref-type="fig"}), and the high dose of anti-IL-17A mAb (10 μg per 2 μl) had a larger effect than the low dose of anti-IL-17A mAb (2 μg per 2 μl) (*P*\<0.05). As a control of the intravitreal administration, a PBS intravitreal injection did not significantly affect the diabetes-induced retinal glutamate accumulation ([Figure 4d](#fig4){ref-type="fig"}).

IL-17A exacerbates Akita mouse BRB breakdown via Act1 signaling
---------------------------------------------------------------

BRB breakdown was determined by retinal vascular leukostasis and vascular leakage. In the retinas of the Akita mice, the number of vascular adherent leukocytes per retina was increased ([Figure 5a](#fig5){ref-type="fig"}) and the FITC-labeled dextran leakage was enhanced ([Figure 5b](#fig5){ref-type="fig"}) compared with the WT mice. These retinal vascular lesions in the Akita mice were aggravated by IL-17A intravitreal injection; however, they were alleviated by intravitreal treatment with Ad-Act1-shRNA or anti-IL-17A mAb ([Figures 5a and b](#fig5){ref-type="fig"}). Moreover, the increase in the vascular adherent leukocyte number was greater with the high dose of IL-17A (40 ng per 2 μl) than with the low dose of IL-17A (8 ng per 2 μl) (*P*\<0.01). As a control of Ad-Act1-shRNA, Ad-GFP intravitreal injection in the Akita mice did not significantly alter the diabetes-induced retinal vascular leukostasis and vascular leakage ([Figures 5a and b](#fig5){ref-type="fig"}).

IL-17A increases retinal ganglion cell apoptosis in Akita mice via Act1 signaling
---------------------------------------------------------------------------------

The numbers of both NeuN/TUNEL double-positive cells and NeuN/active-caspase-3 double-positive cells were increased in the retinal ganglion cell layer of the Akita mice compared with that of the WT mice ([Figures 6a--c](#fig6){ref-type="fig"}). IL-17A intravitreal administration in the Akita mice further increased the numbers of both NeuN/TUNEL double-stained cells and NeuN/active-caspase-3 double-labeled cells in the retinal ganglion cell layer ([Figures 6a--c](#fig6){ref-type="fig"}). These effects of increasing apoptotic neuronal cell numbers by IL-17A were stronger at the high dose (40 ng per 2 μl) than at the low dose (8 ng per 2 μl) (*P*\<0.01 or *P*\<0.05). In contrast, Ad-Act1-shRNA intravitreal treatment in the Akita mice reduced the apoptotic neuronal cell numbers compared with Ad-GFP intravitreal treatment ([Figures 6a--c](#fig6){ref-type="fig"}).

In addition, the caspase-3 activity in the diabetic retinas was upregulated, and this upregulation was attenuated by an intravitreal injection of anti-IL-17A mAb ([Figure 6d](#fig6){ref-type="fig"}). This effect of reducing the caspase-3 activity by anti-IL-17A mAb was increased at its high dose (10 μg per 2 μl) compared with the low dose (2 μg per 2 μl) (*P*\<0.05).

Discussion
==========

In the present study, we demonstrated that diabetes increased the retinal expression of IL-17A and IL-17RA as well as the production of IL-17A, suggesting that the proinflammatory cytokine IL-17A is involved in DR. Fluorescent immunohistochemistry indicated that IL-17A and IL-17RA were expressed by Müller cells in contrast to ganglion cells in diabetic retinas. Additional *in vitro* evidence demonstrated that HG induced IL-17A expression in and secretion from retinal Müller cells. These findings suggest that retinal Müller cells are a source and target of IL-17A in DR. IL-17A is often deemed a specific proinflammatory cytokine of Th17 cells. The retina does not have well-developed lymphatic drainage;^[@bib39]^ thus, the ocular tissue is considered immunoprivileged. Several recent studies suggest that Th17 cells infiltrate from the circulation into the eye across the retinal vascular endothelium to participate in the inflammatory response during degeneration of the retinal pigment epithelium^[@bib40]^ and in autoimmune uveitis.^[@bib41]^ Here, we provide novel evidence that demonstrates IL-17A is also produced by retinal Müller cells in DR.

Müller cells play a critical role in DR occurrence and development. Müller cell activation, demonstrated by increased GFAP expression, is a sign of human early DR pathology.^[@bib42]^ Müller cells are also a major source of retinal VEGF in diabetic mice, and Müller cell-derived VEGF plays an essential and causative role in retinal inflammation and vascular leakage in DR.^[@bib27]^ In addition, retinal glutamate accumulation, as a result of Müller cell downregulation of GS and EAAT1 in DR, leads to excitotoxicity, particularly to retinal neurons.^[@bib43],\ [@bib44]^ These disorders in the expression, production and/or secretion of GFAP, VEGF, GS, EAAT1 and glutamate by Müller cells in DR were demonstrated in this study. Importantly, exogenously administered IL-17A exacerbated Müller cell activation and dysfunction in both *in vitro* and *in vivo* diabetic models, whereas blocking IL-17A ameliorated diabetes-induced retinal glutamate accumulation. These findings suggest that Müller cells are actively involved in the inflammatory response to IL-17A, in which this proinflammatory cytokine promotes DR occurrence and development.

The complete IL-17A signaling cascade is far from completely defined; however, it has been reported that a signaling transduction pathway that involves Act1/TRAF6/IKK/NF-κB is activated after IL-17A binds to IL-17RA.^[@bib17],\ [@bib45]^ In the current study, HG and diabetes induced IL-17RA, Act1 and TRAF6 expression as well as p65 phosphorylation in Müller cells and retinal tissue, respectively. These findings suggest that during DR, the inflammatory signaling cascade IL-17RA/Act1/TRAF6/IKK/NF-κB is activated most likely in Müller cells. IL-17A further enhanced the activation of this inflammatory signaling cascade, and Act1 knockdown or IKK inhibition blocked the signaling activation by IL-17A in Müller cells. These findings demonstrate that this inflammatory signaling pathway mediates the IL-17A proinflammatory property in Müller cells. Moreover, exacerbated Müller cell activation and functional impairment *in vitro* by IL-17A were abolished by Act1 silencing or IKK inhibition. Similarly, in the retinal tissue of Akita mice, Müller cell activation and functional abnormalities were reduced by Act1 knockdown or IL-17A inhibition. Thus, an inhibitor that inhibits the activation of the inflammatory signaling cascade IL-17RA/Act1/TRAF6/IKK/NF-κB represents a promising, novel therapeutic strategy for DR.

BRB deterioration, which is characterized by reduced blood flow, leukostasis, increased vascular permeability and pathological angiogenesis, is a cardinal manifestation of DR.^[@bib46],\ [@bib47]^ We demonstrated that IL-17A intravitreal administration exacerbated diabetes-induced retinal vascular leukostasis and vascular leakage, whereas Act1 knockdown or IL-17A inhibition alleviated the retinal vascular damages. These findings demonstrate a crucial contribution of IL-17A to DR-like pathology. BRB is composed of both inner and outer barriers. The outer BRB is formed by the retinal pigment epithelium cell layer, and the inner BRB comprises the microvascular endothelium that lines the retinal microvasculature.^[@bib48]^ The tight junctions located between these cells mediate the highly selective diffusion of molecules from the blood to the retina. IL-17A compromises ARPE-19 (retinal pigment epithelium cell line) monolayer barrier function in association with a disrupted distribution of the junction proteins zonula occludens-1 and occludin.^[@bib49]^ These findings suggest a mechanism that underlies IL-17A injury to BRB. In addition, abnormal Müller cell function has been linked to BRB breakdown.^[@bib50]^ Thus, we propose that the IL-17A effect of accelerating BRB disruption may be implemented by promoting Müller cell functional impairment in the DR process.

To date, DR is widely accepted as a neurovascular disease rather than a sole vascular disease.^[@bib44]^ The apoptosis of retinal neurons is reported in DR patients and mice.^[@bib51],\ [@bib52]^ In retinal neurons, ganglion cells represent the best studied neurons with respect to the effects of diabetes.^[@bib53]^ In this study, diabetes-induced retinal caspase-3 activity was inhibited by IL-17A-blockade, suggesting that IL-17A mediates retinal apoptosis in the DR process. Additional evidence indicated that diabetes-induced retinal ganglion cell apoptosis was increased by IL-17A administration and decreased by Act1 knockdown. Retinal ganglion cells did not express IL-17RA, similar to brain neurons;^[@bib54]^ thus, IL-17A damage to retinal ganglion cells is not a direct action on the cells. We explain that the decrease in glutamate recycling in dysfunctional Müller cells in response to IL-17A is a critical cause of neuronal death in DR. A Müller cell abnormality has been associated with retinal neuronal dysfunction and death.^[@bib50]^ Moreover, Müller cells make contact with both neuronal somata and processes in the entire retina; they thus play key roles in the homeostasis and metabolism of retinal neurons and maintain a healthy and properly functioning retina.^[@bib55]^ Collectively, the retinal neuronal apoptosis in DR may be an outcome of Müller cell functional impairment.

In conclusion, diabetes induces IL-17A production and IL-17RA/Act1/TRAF6/IKK/NF-κB signaling activation in retinal Müller cells. Exogenously administered IL-17A exacerbates diabetes-induced Müller cell activation and dysfunction as well as BRB disruption and retinal neuronal apoptosis, whereas blocking IL-17A ameliorates the pathological alterations of the retina. In addition, inhibition of this inflammatory signaling cascade using Act1 knockdown or an IKK inhibitor alleviates the DR-like pathology. These findings demonstrate that IL-17A production and Act1 signaling activation in retinal Müller cells during DR represent an inflammatory response that accelerates DR progression.
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![IL-17A and IL-17RA expression is upregulated in Akita mouse retina and HG-treated Müller cells. At 3 months after the onset of diabetes, the mice were killed, and the retinas were removed for analysis via western blot (**a**), ELISA (**b**) and fluorescent immunohistochemistry (**c**). Immunofluorescent staining on retinal cross-sections indicates that GS-labeled Müller cells cover approximately the entire retinal thickness, and they express IL-17A and IL-17RA in Akita mice, indicated by the arrows. The ganglion cells labeled by NeuN in the retinal GCL did not express IL-17A or IL-17RA. (**d**) Primarily cultured rat retinal Müller cells, which were labeled by GS, exceeded 98% in the cell purity. (**e**) IL-17A expression in primarily cultured Müller cells. (**f**) IL-17A concentration in Müller cell culture supernatants. \*\**P*\<0.01 vs wild-type (WT) mice or control. ELISA, enzyme-linked immunosorbent assay; GCL, ganglion cell layer; GS, glutamine synthetase; HG, high glucose; IL, interleukin; INL, inner nuclear layer; ONL, outer nuclear layer.](emm2016117f1){#fig1}

![IL-17A further activates the inflammatory signaling pathway Act1/TRAF6/IKK/NF-κB in both HG-treated retinal Müller cells and Akita mouse retinal tissue. (**a**) Expression of IL-17A-related signaling molecules in primarily cultured retinal Müller cells. Retinal Müller cells were exposed to HG (25 m[M]{.smallcaps}) for 24 h and subsequently treated with IL-17A (25 ng ml^−1^) and/or the IKK inhibitor Wedel (10 μ[M]{.smallcaps}) for 24 h. For silencing the Act1 gene, Müller cells were infected with Ad-Act1-shRNA (or Ad-GFP as a control) for 24 h in the HG condition; the adenoviruses were subsequently removed, and the cells were cultured for an additional 24 h. Following the treatments, the proteins of the cells were extracted for western blot analysis. (**b**) Expression of IL-17RA downstream signaling molecules in the retinas. At 3 months after the onset of diabetes, Akita mice were subjected to intravitreal injection of IL-17A (8 or 40 ng per 2 μl in PBS per eye) or Ad-Act1-shRNA (or Ad-GFP as a control). At 2 days after the IL-17A intravitreal injection or 2 weeks after the Ad-Act1-shRNA intravitreal injection, the proteins of the retinas were extracted for western blot analysis. \*\**P*\<0.01 vs control or wild type (WT); ^+^*P*\<0.05, ^++^*P*\<0.01 vs HG or Akita; ^&&^*P*\<0.01 vs HG+IL-17A+Ad-GFP (or HG+IL-17A) or Akita+Ad-GFP; NS (no significance) vs HG+IL-17A or Akita. Ad-Act1-shRNA, adenoviral vector that expressed short hairpin RNA targeting Act1; Ad-GFP, adenoviral vector that expressed green fluorescent protein; HG, high glucose; IL, interleukin; NF-κB nuclear factor-κB; PBS, phosphate-buffered saline; TRAF6, tumor necrosis factor receptor-associated factor-6.](emm2016117f2){#fig2}

![IL-17A exacerbates HG-induced Müller cell activation and dysfunction via Act1/IKK signaling. (**a**) Expression of proteins related to Müller cell activation (GFAP) and function (VEGF, GS and EAAT1) in cultured Müller cells. (**b**) GFAP content in cultured Müller cell lysates assessed via ELISA. (**c**) VEGF concentration in cultured Müller cell supernatants assessed via ELISA. (**d**) Glutamate content in Müller cell lysates measured by HPLC. The treatment time periods of IL-17A, Ad-Act1-shRNA and the IKK inhibitor Wedel were the same as described in [Figure 2](#fig2){ref-type="fig"}. The cutline at the lower left of this figure is shared by (**a**--**d**). \*\**P*\<0.01 vs control; ^+^*P*\<0.05, ^++^*P*\<0.01 vs HG; ^&&^*P*\<0.01 vs HG+IL-17A+Ad-GFP or HG+IL-17A; NS (no significance) vs HG+IL-17A. Ad-Act1-shRNA, adenoviral vector that expressed short hairpin RNA targeting Act1; Ad-GFP, adenoviral vector that expressed green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; EAAT1, excitatory amino acid transporter-1; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; HG, high glucose; HPLC, high-performance liquid chromatography; IL, interleukin; VEGF, vascular endothelial growth factor.](emm2016117f3){#fig3}

![IL-17A aggravates *in vivo* Müller cell activation and dysfunction in Akita mouse retina via Act1 signaling. At 3 months after the onset of diabetes, Akita mice were injected in the vitreous cavity with IL-17A, Ad-Act1-shRNA (or Ad-GFP as a control) or anti-IL-17A mAb. At 2 days after the intravitreal injections of IL-17A or anti-IL-17A mAb or 2 weeks after the intravitreal injection of Ad-Act1-shRNA, the tests were performed. (**a**) Expression of proteins related to Müller cell activation (GFAP) and function (VEGF, GS and EAAT1) in the retina. (**b**, **d**) Glutamate content in the retina assessed via HPLC. (**c**) Immunofluorescent staining on retinal cross-sections indicates a coexpression of GS that labels Müller cells and VEGF. \*\**P*\<0.01 vs WT mice; ^+^*P*\<0.05, ^++^*P*\<0.01 vs Akita or Akita+PBS; ^&&^*P*\<0.01 vs Akita+Ad-GFP; NS (no significance) vs Akita. Ad-Act1-shRNA, adenoviral vector that expressed short hairpin RNA targeting Act1; Ad-GFP, adenoviral vector that expressed green fluorescent protein; EAAT1, excitatory amino acid transporter-1; GCL, ganglion cell layer; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; HPLC, high-performance liquid chromatography; IL, interleukin; INL, inner nuclear layer; mAb, monoclonal antibody; ONL, outer nuclear layer; PBS, phosphate-buffered saline; VEGF, vascular endothelial growth factor.](emm2016117f4){#fig4}

![IL-17A exacerbates BRB breakdown in Akita mice via Act1 signaling. (**a**) Retinal flat-mounted images indicate vascular leukostasis. The treatment time periods of IL-17A, Ad-Act1-shRNA and anti-IL-17A mAb were the same as described in [Figure 4](#fig4){ref-type="fig"}. The adherent leukocytes labeled by FITC-concanavalin A within retinal vessels were counted in each retina. \*\**P*\<0.01 vs wild-type (WT) mice; ^++^*P*\<0.01 vs Akita mice; ^&&^*P*\<0.01 vs Akita+Ad-GFP; NS (no significance) vs Akita. (**b**) Retinal angiography indicates retinal vascular leakage. The retinal angiography was performed 2 weeks after the intravitreal treatments with IL-17A, Ad-Act1-shRNA or anti-IL-17A mAb. The arrows indicate the vascular FITC--dextran exudation in the flat-mounted retinas. Ad-Act1-shRNA, adenoviral vector that expressed short hairpin RNA targeting Act1; Ad-GFP, adenoviral vector that expressed green fluorescent protein; BRB, blood--retinal barrier; FITC, fluorescein isothiocyanate; IL, interleukin; mAb, monoclonal antibody.](emm2016117f5){#fig5}

![IL-17A increases retinal ganglion cell apoptosis in Akita mice via Act1 signaling. The treatment time periods of IL-17A, Ad-Act1-shRNA and anti-IL-17A mAb were the same as described in [Figure 4](#fig4){ref-type="fig"}. (**a**) Immunofluorescent staining of retinal cross-sections indicates NeuN/TUNEL double-positive cells in the GCL. (**b**) Immunofluorescent staining of retinal cross-sections indicates NeuN/Active-Cas (Active-caspase-3) double-positive cells in the GCL. The arrows in (**a**, **b**) indicate representative double-labeled cells. (**c**) Statistical histogram for (**a**, **b**). The data were obtained as described in the Materials and methods. (**d**) Caspase-3 activity in the retina that was determined by the ratio of active-caspase-3 (Active-Cas) and pro-caspase-3 (Pro-Cas). \*\**P*\<0.01 vs wild-type (WT) mice; ^++^*P*\<0.01 vs Akita mice or Akita+PBS; ^&&^*P*\<0.01 vs Akita+Ad-GFP; NS (no significance) vs Akita. Ad-Act1-shRNA, adenoviral vector that expressed short hairpin RNA targeting Act1; Ad-GFP, adenoviral vector that expressed green fluorescent protein; GCL, ganglion cell layer; IL, interleukin; mAb, monoclonal antibody; TUNEL, TdT-mediated dUTP nick end labeling.](emm2016117f6){#fig6}
